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Abstract. Development of the rare-ecarth branch of the non-ferrous metallurgy is declared as a foreground
direction of the Kazakhstan’s national economy in the XXI century. High content of rare carth clements (REE) is a
characteristic feature of various Kazakhstan’s uranium deposits. To determine REE content of mineral raw materials
the next non-destructive methods are the most suitable — instrumental neutron activation analysis (INAA) and X-ray
fluorescence (XRF). A range of REE determination in a uranium ore by neutron activation technique is substantially
impeded by the uranium fission products generating direct (La, Ce and Nd) and spectral interferences. Geological
sample analysis for REE content by X-ray fluorescence suffers from insufficient sensitivity, as usual, and is restricted
by the light lanthanides mainly.

In the present work, by the example of the ore samples from the Shu-Sarysu uranium provinces, the possibility
of INAA method to analyze REEs under the conditions of severe interferences caused by high uranium content is
considered. Light lanthanide determination by XRF at the level of their average crustal abundance is carried out with
the help of a modernized energy dispersive spectrometer RLP-21T using K-series of their characteristic X-ray
radiation. Comparison of La, Ce and Nd content of the uranium ore samples by INAA and XRF using the non-
parametric Mann-Whitney statistical test showed that distinction of the results is statistically insignificant. Based on
the uncertainty budget evaluation, maximum corrections of the analytical line count rates are assessed corresponding
to the limits of quantitative and semi-quantitative determination of La, Ce and Nd by INAA. XRF was concluded as
a more preferable method to analyze rocks for light lanthanide content.

Keywords: neutron activation analysis, X-ray fluorescence, rare earth elements, uranium ore.

Introduction. Due to the increased demand for the rare carth elements (REE) in the world’s high-
technological industries, additional sources for their extraction differing from the REE ores are searched
now. REEs are often found associated with other valuable element mineralization including uranium ores
which can contain appreciable REE contents [1,2]. E.g. the unique complex uranium deposit Melovoe in
Kazakhstan belongs to this type [3].

Among the most common methods being used at present for REE determination in geological
samples, the non-destructive techniques such as instrumental neutron activation analysis (INAA) and X-
ray fluorescence (XRF) analysis can be noticed [4,5], since one of the main drawbacks of the other
methods is sample decomposition.

Spectral interferences from the uranium fission products in INAA including light lanthanides were
studied in details by many researchers [6-8]. Corrections are made by calculation apparent concentration
of an element per 1 ppm of U or uranium ky-fission factors both theoretically and experimentally [9-11].
At present fission product correction algorithms embedded in the analytical software such as Kayzero for
Windows work very well in routine practice and only the samples with very high uranium contents can
give rise to trouble [12].

Unlike INAA, XRF analysis of geological samples for REEs is not impeded by high uranium
contents, and this is its greatest advantage [13]. One of the main restrictions is caused by the lack of
appropriate compact and safe sources of primary gamma-rays due to the relatively high energies of REE
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K-series excitation — more than 39 keV. (100 kV X-ray tube, the out-of-production expensive XRF
spectrometer Epsilon 5 is equipped with, is the single exception [14].) Therefore direct (without any
preconcentration) energy dispersive XRF with isotope excitation by **Am suffers from insufficient
sensitivity and can be used, as a rule, to analyse rocks only for La to Nd above their average crustal
contents [15,16]. Some heavier REEs can be determined by their L-series, but the sensitivity is even worse
and sophisticated algorithms must be used to overcome severe spectral interferences [17]. Wave dispersive
XRF spectrometers gain the lower limits of detection due to better resolution in the low-energy region
[18]; however, a preconcentration is necessary for reliable analysis for heavy lanthanide contents [19].

In this work, high sensitive energy dispersive XRF with REE K-series excitation and INAA using the
XRF-based internal standard method (ISM) were applied to analyze REE content of the uranium core
samples collected from a range of new sites of the Shu-Sarysu uranium provinces in Southern Kazakhstan.

Methods

A great number of grinded samples were studied by the gamma-ray spectrometric method and more
than thirty of them characterized by uranium content not exceeding =500 ppm were selected. Y, La, Ce,
Pr, and Nd contents of the samples were measured by XRF technique using a modified energy dispersive
spectrometer RLP-21T by JSC “AspapGeo”, Almaty, Kazakhstan. 12-15 g of the powdered assays to
provide “the saturated layer geometry” were pressed in Al dishes with mylar film bottom and analyzed in
the automatic operating mode for twenty minutes.

The modified RLP-21T represents a new generation of reasonably priced portable XRF spectrometers
since it can excite K-series of the X-ray spectra by a miniature low-powered X-ray tube. Maximum power
of the X-ray tube with tungsten anode and air cooling is 10 W, and it can operate at up to 70 kV. The
spectra are counted by a Peltier-cooled high-purity Si detector. No intermediate target is used due to a
drastic loss of primary gamma-ray intensity. Since light lanthanide K-series is registered over the low-
energy slope of the X-ray tube scattered bremsstrahlung radiation, a high-efficiency spectrum treatment
algorithm is applied to calculate peak areas under the unfavourable signal-to-background ratio conditions.
In order to get maximum accuracy, the element content of the samples is calculated using a reference-free
modified method of the fundamental parameters.

As the spectrometer was designed to analyze geological samples, first of all, the accuracy of its
software was repeatedly confirmed with the help of different corresponding certified reference materials
(CRMs). E.g., the ascribed uncertainty of Fe content measuring in rock samples is (2-8)%, and this made
possible to use the results of Fe analysis as an internal standard in INAA to calculate REE and other
element contents [20]. RLP-21T is enrolled in the State Register of Measuring Devices, and the certified
analytical technique is registered by the National Body for Certification of Kazakhstan

INAA of the same samples for the long-lived REEs only (without Pr, Dy and Er) was then carried out.
About 100 mg of the assays were sealed in small double polyethylene bags, divided into several parties,
and packed in Al foil for independent irradiations. A zirconium monitor to calculate epithermal to thermal
neutron flux ratio 1// (20 mg of ZrO,) and about 50 pg of uranyl to evaluate the contribution of the
uranium fission products were added to each package. The latter samples were prepared by drying a drop
of uranyl nitrate solution pipetted on a piercing of Al foil.

To verify the accuracy of REE analysis two samples of the uranium-rich CRMs were used - OREAS
100a (uranium-bearing multi-clement reference material by Australian “Ore Research & Exploration™),
and OSO 528 (phosphorus-REE-uranium ore by the All-Russian Scientific Research Institute of Mineral
Resources). Due to the enhanced REE contents, the sample masses were reduced to 30 mg to avoid
possible self-shiclding of the neutron flux. However, since the U/REE ratios of these CRMs are not too
high, two additional control samples were prepared by adding about 100 ug of uranyl to 100 mg of two
rock CRMs with low REE contents — GBW-07110 (trachyte andesite by the Institute of Rock and Mineral
Analysis, China), and GBPG-1 (garnet biotite plagiogneiss by the A P.Vinogradov Institute of
Geochemistry, Russia).

All the packages were placed in the irradiation containers and irradiated in different days for 2.5 hours
in the position Ne 4 inside the “wet” channel Ne 10-6 of the new modified active zone of the research
reactor WWR-K with a typical neutron flux density n-10”° em™s™.
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Two high-purity Ge detectors of different types were used to collect gamma-ray spectra; an extended-
range coaxial GX5019 with a relative efficiency of 50% and an energy resolution of 1.86 keV at the
1332 keV peak of ®’Co connected to a Canberra multi-channel analyzer DSA-1000, and a planar
GLP36360 with the crystal dimensions 36x13 mm and an energy resolution of 585 ¢V at the 122 keV peak
of ’Co connected to an ORTEC multi-channel analyzer DSPEC LF. Detector calibration for relative
detection efficiency was made with the help of a multi-gamma ray standard (‘*’Eu, ""*Eu, ""°Eu) and an
isotopic source '*’Ba, both by Canberra.

The irradiated uranium ore samples were counted by the coaxial detector several times: after seven
days (to analyze La, Sm, Yb), two weeks (Ce, Nd, Eu, Tb, Sc), and almost two months (Gd, Tm) of decay.
Such a long time interval comparing with 30 days for usual rock analysis is necessary to make *’Np X-ray
Kq peak (103.4 keV) completely decayed since it turned out to be a serious spectral interference for the
103.2 keV line of "”’Gd. To avoid the same interference in the case of '>>Sm analysis intensity of its 69.7
keV line was measured.

The planar detector was used to analyze holmium in the ore samples by two measurements — after 6
days (1, of decay and after 15-17 days (#,), when '“Ho was considered completely decayed. '*Ho count
rate to calculate the corresponding REE content was found as follows:

I =T =T eexp( Ay, (= 1)),

where J is the sum peak ('“Ho and **Xe) count rate, ix. — the ' Xe decay constant, and factor k takes
account of different measuring geometries. Due to a considerable spectral interference of 208.4 keV line
of **Lu and 209.8 keV line of **’Np the former line intensity was also counted by the planar detector after
two or three weeks of decay depending on the uranium content.

Table 1 — Main nuclear parameters and interferences of the radionuclides
used to calculate REE by INAA internal standard method

Radionuclide Half-life, days Energy, keV 3}1:1?1%21 Interferences Detector
PFe 445 1099.2 56.5 GX5019
3¢ 83.8 8893 999 GX5019
"0 5 1.7 1596.2 95 4 Un.f) GX5019
"Ce 32.5 1454 483 U(nf) GX5019
INd 11.0 91.1 28.1 Un.f) GX5019
153 187xx7 140 GX5019

Sm 1.9 69.7 47 W, La &7 PIEEED
P2Ey 4943 121.8 287 GX5019
3Gd 240.4 103.2 21.1 3Sm, **Pa, ®*Np GX5019
1607 72.3 298.6 26.1 33py GX5019
®Ho 1.1 80.6 6.7 Bixe, P GLP36360
70T m 128.6 84.3 2.5 182Tq GX5019
Syp 42 396.3 132 GX5019
"Lu 6.6 208.4 10.4 “Np GLP36360
233 GX5019

Pa 27.0 311.9 38.5 GLP36360

BT 8.0 364.5 81.5 GX5019

The main nuclear parameters of the analytical gamma-ray lines of the radionuclides used to calculate
REE content, the interferences which were taken into account, and the detectors to count specific
radionuclide intensities are summarized in Table 1. U(n,f) means the same radionuclide as a U fission
product, whereas '*Xe and "'l by the uranium fission reaction appear as a spectral interference. Some
minor interferences in an ordinary rock matrix were regarded as inessential and neglected. The partly
resolved peaks were divided by the software.

Typical measuring time was 20-30 minutes and amounted to three hours in the case of Gd and Tm
analysis because of their low content. Spectra collection was carried by the MAESTRO software
(GLP36360) and by the special software developed in the Institute of Nuclear Physics (GX5019). No
corrections for neutron self-shielding, gamma-ray self-absorption or true-coincidence effects were applied.
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Unlike the approach where La, Ce, and Nd apparent contents are corrected for uranium fission
products using U measured contents, the analytical line count rates of the corresponding radionuclides
were corrected. With this end in view, the contribution coefficients F; as the ratios of these analytical line
intensities to the intensities of *’Np full-energy peak and two long-lived uranium fission product (*°'L,
'*Ba) peaks were estimated empirically. Once measured in certain time F; values can be recalculated for
any time of decay. '’Sm peaks originating from *°U fission after uranyl sample irradiations were
indistinguishable in the spectra and this interference was therefore neglected.

The same variant of the single comparator method of standardization as described in [20] was applied,
and REE content of the uranium ore samples were calculated according to the algorithm presented in [21].
1/f ratio in the selected position by the results of a range of independent irradiations appeared to be
1//=0.031 £0.002 (P =0.95, o=0.001). This ratio differs from the value evaluated in [21] because for
the time elapsed beryllium reflectors were installed into the reactor’s active zone.

Fe content of the uranium samples measured by XRF was used as the internal comparator to
determine U, Th and the REEs analyzed by the coaxial detector. Since the intensity of 192.3 keV line of
**Fe counted by the planar detector was very low, Th content of the samples was used as the internal
comparator to analyze Lu, and Sm content — to analyze Ho.

Results and discussion

All the three ways of La, Ce, and Nd analytical line count rate correction were compared with the
help of OSO 528 and OREAS 100a and led to almost the same contents of these REEs. Relative bias was
about 1% in the case of Nd determination, <2%, and <3% in the cases of Ce and La determination,
correspondingly. However, taking account of that '*’Ba count rate may be rather low and ***Np count rate
is much more affected by neutron flux spectrum composition than fission products, the "*'I-based
correction was considered as more reliable. The results of light lanthanide analysis in the two uranium-rich
CRMs using this way of correction are presented in Table 2.

As for the uranium-enriched CRMs, the measured Nd contents using the "*'I-based correction differed
by 1% comparing with the results of initial CRM analysis, by 3% and by (3-4)% in the cases of Ce and La
determination; however the assessments can be different if compared with the certified values in Table 3.
To demonstrate that the loss of accuracy wasn't too high Figure 1 is adduced revealing how the correction
factor Kj.r. for La analysis by INAA ISM was defined [20]. Only the CRMs contributing to Ki, pe
evaluation within +5% of the relative bias including 07110 and GBPG-1 (the green arca) were selected.
Two dark dots show deviations of La determination in the same CRMs when they were highly enriched
with uranium.

The values of La, Ce, and Nd count rate corrections came up to (70-85)%. Despite the
recommendation to reduce decay time of '*’La analysis in order to decrease its production from the
reaction *’U(n,f)'*'Ba—'*La [11], the results after a fortnight decay (when '*’La decay curve becomes
exponential-like) appeared to be more correct than after a week of decay, although the correction is higher.
That is why two weeks of decay was implemented subsequently to analyze the uranium ore samples.

Table 2 — REE content of the uranium-rich CRMs, ppm

CRM Element U/REE ratio Certified value Measured value | Count rate correction, %
La 0.847 444 £ 33 439 + 44 23.8
Ce 0.481 782 £ 69 768 £ 77 12.1
08O 528 Nd 0.985 382 +25 384+ 39 18.5
Ho 20.3 18.5+0.7 185+£2.7 44.7
Lu 66.7 5.64 £0.23 5.80+£0.70 * -
La 0.519 260+ 9 26727 13.0
Ce 0.292 463 £ 20 464 £ 47 79
Oreas 100a Nd 0.888 152+8 15215 19.2
Ho 28.1 4.81+0.14 482+0.78 59.6
Lu 59.7 226+0.11 233+£0.24 -

* Th content of OSO 528 is not certified and measured by INAA using GX5019 detector
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Table 3 — REE content of the uranium-enriched CRMs, ppm

CRM Element U/REE ratio Certified value Measured value Coun@ 1A
correction, %
La 258 53.0+ 8.0 522483 81.0
GBPG-1 Ce 13.1 104+ 11 100+ 14 758
(+0U) Nd 312 438+73 443+£98 855
Lu 4406 0.31 £0.05 0.32+0.04 -
La 18.4 62.5+£25 578+86 76.4
GBW 07110 Ce 9.8 1177 113+ 16 70.7
(+U) Nd 243 472+£25 473+95 82.7
Lu 2340 0.49 £0.04 0.51+0.06 -
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Figure 1 — Changing of La determination accuracy after 07110 and GBPG-1 CRMs
were enriched with high uranium contents

Holmium measured contents of OSO 528 and OREAS 100a differed from the certified values by only
1% with '*Ho count rate corrections amounted to 60%. Ho determination in the uranium-enriched CRMs
appeared impossible due to very high U/Ho ratios. Lu determination in all CRMs as described above
revealed the relative bias no more than 4%.

So, the CRM analysis made possible to demonstrate that the INAA ISM being used with the proposed
way of uranium fission product corrections allows maintaining the precision of the method under the
conditions of high U/REE ratios.

Table 4 - Comparison of La, Ce, and Nd analysis in the uranium
ore samples by INAA ISM and X-ray fluorescence methods

La content, ppm | Ce content, ppm WL RETG U U/REE ratio CounF rate

Sample ppm correction, %

number conten U/L | U/C | UN
INAA | XRF INAA | XRF INAA | XRF t, ppm a N d La Ce Nd

1 2 3 4 5 6 7 8 9 10 11 12 13 14

113 £ 122+ 285+ (297|113 £ 120+ ] 204 =+ 17 80.3

1748 1.8 44 3.9 83 2.1 4.4 24 17 6o B2 | 66T
107 £ 1121+ 273 £[298 £ | 121 £ 129+ | 377 + 86.1

3258 2.6 44 4.0 8.3 2.8 4.4 45 2 13 29 ol | T4
68 £ |58 £|201+|174+ |91 |77 £|426 £

1685 3.0 2.7 3.5 44 32 2.7 51 B 2 55 937 | 863 91.9
129 £ 1128 £ | 314 £ | 324 £ [ 139 £ | 143 £ ] 257 =+

8109 2.4 44 4.3 83 2.6 4.4 31 20 0 18 865 | 700 80.9
126 £ 1120+ 1299+ [ 274 £ [ 114 £ | 114 £] 205 +

282216 2.1 44 4.0 8.3 2.0 4.4 25 17 13 17 820 | 625 77.6
99 £ | 105+|255+|243+ 101|102+ | 310 £

282035 2.5 44 3.8 83 2.6 4.4 37 2 12 30 °L7 | 784 88.0
122 £ 1104 +£|289 + 268 £ | 11.8 £ 112 £] 19 =+

7108 2.0 44 4.0 83 2.2 4.4 23 13 %3 18 832 | 597 80.5
104 £ 112+ 238+ 254|113 £ 127+ 226 +

3407 1.6 44 3.5 83 25 4.4 27 2 89 18 0l | 774 85.0
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Table 4 (continuation)

1 2 3 4 5 6 7 8 9 10 11 12 13 14

T Fd o R Ea P DR C P T I P
O i e i e O A E R P T T P
Tl FAR R e e o Fia G ER P ET e P
02 oo “laa lar|sslas laa - ae |17 |78 [hg |70 1716 | g
O i vl o e o Pl - O O P A ETY P
310 156 Tler L oy les o lws o far |44 |19 fgg [327)364 | g
O il i ol Ea R PR PR T A P
T Il i i i O O PN S Y
2% 55 “laa|se |8y oo lad |3 W |63 |45 |61 552 |6y
2468 150 “laalas |8 a4 lad a6 |20 |88 |5 |63 669 |y
Il s il O X P N A Y
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Table 4 - (continuation). Comparison of La, Ce, and Nd analysis
in the uranium ore samples by INAA ISM and X-ray fluorescence methods

Samyle La content, ppm | Ce content, ppm Nd;gﬁient, U U/REE ratio cocr(r)élclgcfzti ”
number CROED, U/L | U/C | UN

INAA | XRF | INAA | XRF | INAA | XRF | tppm | o | 00 [ N | 1a | ce | Na
ot S i e e D R PR Y
AL BV v pea Pesl vl PV ol R P R R A Y
I re p ol ol Pl vl P P LR LA Y
e b v bl el el e R R A R L R P
i vl Pvil Peans Feuil Evall Pl Pl R R PPl EE R RN Y
323 ;95'8 i 33 i 421.87'7i ?31 i gg i 411944i 386 Tla |15 |5 |04 |8 |5
4009 ;.77'3 i 411.546 i 3%5'7 i 2.330 i ;‘3'1 i 411%48 i %22 Tl e |y, | 786|576 | 55
28104 ;‘7'8 i 411.348 i 2.713 i 2.234 i ;‘7'1 - 411%46 i g? Tl 84 |, 864|667 |
2505 ;.77'9 i 411?47 i 45@9'9 i 3.537 i ;.761 i 411.842 i §§7 Tl e |, | 782513 | g
281912 ;‘3'3 i 411.241 i 431.354 i 2.131 i ;.22'4 i 411.246 i 3(5)9 “117 |67 |y |86 €22 |,
282219 ?:g i gig i ;.764i 411.741i ?.g i Z:;‘ i 526 Tl |, |94 | 0|,
274820 199'1 i 23 i ?3'4i é.légi ?2 i gg i 31 Tl |83 | g |874 | 675 | g0
1409 %.19'0 i é(.)3'6 i 45‘.15'8 i 3.235 i ;.75'8 i 411.848 i 14118 T157 |28 |5 |68 | 426 | g,
57111 ;‘43 i 411.247 i 431.230 i §.83'9 i ;.11'8 i 411.246 i 54917 Tlie e8| |87 |
el Eeul Pl By rel Ee o B o R N T R EEA Y
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Table 5 - Rare earth element contents of the uranium ore samples by INAA and X-ray fluorescence methods, ppm

Sample | g Y Pr Sm Eu Gd Tb Ho Tm Yb Lu
number
—— 240 £ | 209 £ [ 53 +| 293 ] 0585 + | 2.80 £ | 0.381 055 =] 0236 152 | 0223
024 |83 1.4 035 0059 |o056 |0038 |o0.19 0042 |015 | 0027
- 221 + | 186 £ | 57 +|3.05 %0663 % | 266+ | 0507 | 078 =*| 0237 147 = | 0290
022 |44 > 037 | 0066 |054 |0051 0.38 0043 | 015 | 0035
— 273 % | 147 %35 +|230+| 054 +|236% | 0348 = | _ 0.203 131 £ | 0213
027 |44 1.4 028 0055 |o048 0035 0037 013 | 0.026
2105 480+ | 175+ |62 + 343 +|0806 +| 275+ | 0498 +| 067 =| 0312 163 = | 0258
048 |44 2.7 041 | 0.081 055 |00s50 |02 0056 | 016 | 0.031
errie | 3L E | 150 % |58 =324 %0632 & 292 & 0567 13 £ 0478 = | 269 % | 0436
037 |44 2.7 039 |0063 |05 |0057 |03 0086 | 027 |0052
o035 | 206 % | 114 %[ 56 %[ 272 %0635 +| 222+ 0385 +| 088 =] 0243 138 = | 0239
030 |44 2.7 033 |0064 |045 [0039 |030 0044 | 014 | 0.029
108 171+ | 121 £ [ 50 +|255+]0543 +| 216+ | 0307 092 =] 0.161 102 = | 0212
017 |44 1.4 031 0055 |043 |0031 0.24 0029 |010 | 0.025
2107 196+ | 114 £ 60 +|273 ] 0564 «| 252 | 0.304 10 =019 117 = | 0.183
020 |44 2.7 033 0057 |os51 |003 |03 0035 |012 |0022
315 367 | 272 %] 67 % |458 | 115 442 %[ 0705 £ | _, 0384 + 290 | 0611
037 |44 2.7 056|012 089 | 0071 0069 020 |0.073
0520 | 120 % | 138 %[ 35 #[310%|0422 +|55 =139 18 =09 6.60 | 0.99
0.13 |44 1.4 037 | 0042 1.1 0.14 0.5 0.17 066 | 0.12
e7osy | 139 % | 354 % | 100 = [ 595 = | 129 56 0905 16 =+ 0489 * | 3.18 + | 0.465
0.14 |83 2.7 071 |0.13 12 0.091 0.4 0088 |032 |0056
1002 200+ | 151+ |58 +|325+|0640 | 274+ | 0377 | 052 =+|0210 123 | 0205
021 |44 2.7 039 o064 |o055 |0038 |027 0038  |013 | 0.025
<605 217 | 138+ |55 +| 267|068 +|238+|0335 13 =|0229 120 = | 0248
022 |44 2.7 032 0069 |o048 [0034 |04 0.041 0.12 | 0.030
210 166 + | 474 | 146 + | 10.7 + | 2.19 92 = | 1.54 29 +|077 434 = | 0.620
017 |83 44 1.3 022 1.9 0.15 0.6 0.14 044 | 0.074
2020 | 130|381 %[ 100+ |58 %116 449+ [ 0890 * |22 =+ 056 327 £ | 0.486
1.3 8.3 2.7 070 | o012 090 |0089 |06 0.10 033 | 0058
-~ 211 £ | 106 £ | 65 +|2.80 | 0.681 205 + | 0331 050 +] 0156 + 097 | 0.156
021 |44 2.7 034 0068 |o041 [0033 |020 0028 |0.10 |0.019
- 223+ | 201 £ |67 % | 424 <0749 | 378+ | 0615 12 +0269 =252 %] 0470
022 |83 2.7 051 |0075 |076 |o0062 |03 0048 | 025 | 0056
e 468 £ | 366+ |70 % | 538 +]0845 | 409« | 0681 15 +0380 =|255%] 0404
047 |83 2.7 065 0085 |08 |o0068 |04 0070 | 026 | 0.048
- 258 £ | 159 |46 +|449 £ 0.565 382 + | 0.709 12 £ 0507 = | 245+ | 0.569
026 |44 1.4 054 10057 |077 |0071 0.3 0.091 025 | 0.068
— 193 | 212 £ |47 +| 340 = | 0643 318 = | 0.545 12 +[0322 =203+ 0310
0.19 |83 1.4 041 | 0065 |o064 |0055 |03 0058 | 021 | 0037
basi 284 £ | 272+ | 64 *| 393+ 0647 £|3.12 % | 0687 L2203 | 0472 £ [ 293 %049
028 |83 27 047 0065 |063 |0.069 0.085 | 030 |0.059
415 512+ | 227+ |75 +|442 099 414 £ | 0.626 Laz07 | 0381 £ [216 %[ 0357
051 |83 27 053 | 0.10 0.83 | 0.063 0069 022 |0.043
55 330 £ [ 150 % |51 %336%| 0714 =338+ 0688 | _, 0.512 = | 328 % | 0.486
033 |44 27 040 | 0072 | o068 |0.069 009 |033 |0.058
360 = | 337+ |94 % | 647 ] 139 60 +| 108 0.539 + | 3.38 % | 0.499
2204 037 |83 2.7 078 | o014 1.2 0.11 180416007 | 034 | 0.060
o040 | 179 % [180 %[44 =341 =059 +[320% | 0313 | _, 0.273 166 £ | 0.262
0.18 |44 1.4 041 | 0060 | o064 |0051 0.049 | 0.17 |0.031
. 205+ | 133+ |52 %309 «]0.741 245+ [ 0444 = | 0248 = | 1.41 = | 0.258
030 |44 5 7 037 0074 |049 | 0045 0045 | 014 |0.031
1005 401 | 164 £ | 63 *| 475 %] 0716 * | 276 | 0470 * | _ 0247 = | 1.29 % | 0.198
040 |44 2.7 057 0072|056 0047 0044  |013 |0.024
hgi0a | 430 % [ 1752|590 =392 %0715 3.03 £ | 0623 104 | 0358 = [207 %0326
043 |44 2.7 047 | 0072 | o061 | 0062 0064 | 021 |0.039
<05 200+ | 237+ |76 +|418+|0914 | 411 | 0645 +| 064 =+ | 0286 = | 1.61 | 0.240
021 |83 2.7 050 0092 |08 [0065 |024 0051 |o0.16 |0.039

— 3 ——
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Table 5 (continuation)
Samplel | 4o Y Pr Sm Eu Gd Tb Ho Tm Yb Lu
number
216 £ | 160 £ 6.6 = | 336+ | 0737 £] 3130525 + 0267 = [ 1.88 £ [ 0.260 +
28112 0.22 4.4 2.7 0.40 0.074 0.63 0.053 1.0 =0 0.048 0.19 0.031
336 £ | 141+ |41 £[220+£]0554 (214 +£] 0459 + 0354 + [ 216 £ 0.338 +
28az1o 0.34 44 1.4 0.26 0.056 0.43 0.046 14 0 0.064 0.22 0.041
74820 318 £ | 163 £ | 52 £[267+£]0615 £(241 +£]0464 £ 085 +£| 0281 | 162+ 0242 +
0.32 4.4 2. 0.32 0.062 0.48 0.047 0.26 0.051 0.16 0.029
1409 753+ (192 +[80 +£]394+]|0814 £]336+]0553 £]08 +|[0327 £|211+]0.326 =+
0.75 4.4 2. 0.47 0.082 0.67 0.056 0.20 0.059 0.21 0.039
S7111 392+ 159+ |60 £[298 +£]0692 £|[251+]0454 + 1303 0296 = [ 1.88 £ [ 0.323 +
0.39 44 2.7 0.36 0.069 0.50 0.046 ) ) 0.053 0.19 0.039
415+ | 178 £ |45 £ 288 | 0631 £]276+]059% + 0418 = [ 2.56 £ [ 0.410 +
282823 0.42 4.4 1.4 0.35 0.063 0.55 0.060 1.6 0rd 0.075 0.26 0.049

La, Ce, and Nd contents of the uranium ore samples measured by two analytical techniques, as well as
their uranium contents measured by INAA ISM, are presented in Table 4. Experimentally evaluated
uranium to light lanthanide ratios and the values of count rate corrections of the corresponding
radionuclides are adduced too. Table 5 summarizes the results of other REE analysis by INAA and XRF.

REE contents of the uranium ore sample turned out to be very low — from one third (Sc, La, Gd) to
one (Pr) of their average crustal contents. Among the three lanthanides produced by uranium fission, U to
La ratios were the highest (up to 73) with the analytical line count rate corrections coming up to 95%. The
other ratios reached 24 for Ce and 55 for Nd with count rate corrections going to 86% and 93%,
correspondingly. '“Ho intensity corrections were also very high — from 82% to 95%. Moreover, in several
cases when U content of the samples exceeded 400 ppm Ho analysis was impossible and only the upper
limits were evaluated. Holmium determination in sample 4009 failed due to very high W content, about
0.095% by XRF.

The results of La, Ce, and Nd analysis by INAA and XRF were compared. Since the uranium ore
samples were not selected at random, a nonparametric method of mathematical statistics should be used.
The strict Mann-Whitney U-test for independent samples insensitive to variable distributions was
employed. All three calculated values of the standard normal variable (0.52 is the maximum, » = 35) did
not exceed its critical value 1.96 (P = 0.95) for the two-tailed test, hence the analytical results by two
methods were admitted as statistically indistinguishable. Average values of La, Ce, and Nd contents of the
uranium ore samples measured by INAA and XRF differed by 1% to 3.5%, while the pair-wise
comparison showed discrepancy not more than 15%. Correlation between two assessments of light
lanthanide contents of the uranium ore samples is depicted in Figure 2.
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Figure 2 — Relationship between La (a), Ce (b), and Nd (c) contents of uranium ore samples by INAA and XRF
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The uncertainty of REE contents by XRF corresponds to the prescribed values for every percentage
interval according to the certified analytical technique and, as it was marked before, is independent of the
uranium content. Unlike this, gamma-ray analytical peaks being highly impeded by the spectral
interferences from the uranium fission products, INAA uncertainty sharply increases according to a
hyperbolic law with the uranium content, when two close values are subtracted to receive corrected count
rates. That is why uncertainty of these INAA results excites a special interest.

Main components of the uncertainty by INAA ISM were considered: Fe internal standard
determination by XRF (8% for Fe contents (0.5-1)%), the methodical uncertainty of the comparator model
(up to 10%), statistical uncertainties of Fe and other element counting, uncertaintics of the contribution
coefficients I evaluating. The full (enhanced) uncertainty was assessed according to the rules of error
summing for correlated and uncorrelated random numbers.

Thus the evaluated enhanced uncertainty of La determination in the uranium ore samples varied from
13% to 39%, Ce — from 13% to 17%, and Nd — from 14% to 40% (P = 0.95). The assessed limit of La, Ce,
and Nd quantitative determination by INAA (30% of uncertainty) corresponded to = (91-94)% correction
of the analytical line intensities, and the limit of semi-quantitative determination (50% of uncertainty)
corresponded to =~ (95-97)% correction. Since in the cases of high spectral corrections other sources of
uncertainties become insignificant, 90% and 95% corrections may be accepted as the limits of quantitative
(QL) and semi-quantitative (SQL) analysis. Larger correction gives only qualitative results (Figure 3).
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Figure 3 — Limits of Nd quantitative and semi-quantitative analysis
depending on count rate correction

In spite of the planar detector resolves the sum peak '“Ho and **Xe up to the background, '*Ho
count rate to calculate holmium content of the uranium ore samples according to the expression above
turned out to be very sensitive to spectral treatment. Even a scrupulous approximation of the
corresponding spectra parts is carried out (Figure 4), the uncertainty of holmium analysis by INAA
cvaluated in the same way varied from 21% to 55%. For more than a half from thirty five uranium ore
samples holmium analysis appeared as not a quantitative one due to very high uranium fission product
interference which is substantially higher than in case of light lanthanide determination. That is why
holmium contents of the samples can be considered on the whole as approximate and should be treated
together with the contents of other REEs only.

166Ho 133 @ 131)] 133X @

Figure 4 — A part of gamma-ray spectra treatment to calculate
Ho content after 6 days (a) and 16 days (b) of decay, sample 3226
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As INAA of the uranium ore samples for the rare earths which are not encumbered by the uranium
fission products presented a standard procedure, it does not require a discussion.

Conclusion

Very low REE contents prevent from regarding the new sites under investigation of the Chu-Sarysu
uranium provinces as a source of accompanying rare-earth primary product. However, taking the study as
an example, the possibility and restrictions of REE analysis under the conditions of high U/REE ratios by
XRF and INAA were investigated. The modified RLP-21T makes possible express determination of light
lanthanides in the uranium ore samples with the acceptable accuracy but without any efforts which must
be exerted in case of INAA ISM application. Since a new alternative of high-sensitive determination of
light lanthanides in any rock samples by energy dispersive XRF appeared, it scems that INAA method
should be intended to analyze heavier REE which can be accessible to XRF only in concentrates.
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H. 10. Cnaaqén
PI'TI «MuCcTHTYT simepHO# pm3mkn», Anmatsl, Kazaxcran

. AHAJIN3 PEAKO3EMEJIbBHBIX METAJIJIOB B YPAHOBOM CBIPBE
HEUTPOHHO-AKTUBAIIMOHHBIM U PEHTTEHO®JIYOPECHEHTHBIM METOJJAMH

Annoramust. OTHEM W3 IPHOPHTETHBIX HAMpaBlIeHHH 3KkoHOMHMKM Pecnyommkm Kazaxcran B XXI Beke
SIBILICTCSI PA3BUTUC PEAKO3EMEIBHOM OTPACIH IBETHOH METAIIyprud. BBICOKHM COICp)KAHHEM PEIKO3EMEIbHBIX
MetamioB (P3M) xapakTepu3yroTcs HCKOTOpPBIC ypaHOBeIC MectopoxkacHus PK. [Ima ompenemenms P3Mos B
MHHEPAJIbHOM CBIPbE HAaMOOJIEEC MOAXOIT HENCCTPYKTHBHBIC METOIBI — WHCTPYMCHTAJBHBIH HEHTPOHHO-aKTHBA-
muoHHb (MHAA) u perrreno(ayopecucHTHbI (POA) MeToas! aHamm3a. HeHTPOHHO-aKTHBATHOHHOS OTIPSICIC-
HUC paga P3MoB B ypaHOBOH pyac CYMICCTBCHHO 3aTPYIHCHO MPOAYKTAMHE JICICHHSA YpaHa, 00Pa3yFOIIMH MPSMBIC
(La, Ce u Nd) u cnexrpaneueic uaTepepeHunn. Anam3 P3MoB B reomormueckux oOpasmax mMeromomM POA
OOBIMHO 00J1a1AaCT HEJOCTATOYHOM Yy BCTBUTCIHHOCTHIO W OTPAHMYCH B OCHOBHOM JICTKHMH JIAHTAHOMIAMH.

B nmanHoO# padote Ha mpuMmepe 00pas3uoB pyasl Lly-CapsicylHCKo# ypaHOBOPYAHOHM MPOBHHIMMH PACCMOTPCHA
BO3MOXKHOCTh MeTona MHAA s onmpeaencrust P3MoB B yCIOBHSX 3HAYMTENBHBIX MHTEP(EPEHIIHNH, BHI3BAHHBIX
BBICOKMM COJECpPKaHUEM ypaHa. PeHTreHO(IyOpECICHTHBIH AHAIN3 JETKUX JIAHTAHOMIOB BBIIOJIHCH HA YPOBHC
KIIAPKOBBIX COMICPKAHUH C TIOMOIIBI0 MOAN(MIHPOBAHHOTO HEPTOAUCTIEPCHOHHOTO criekTpomerpa PJITT-21T mo K-
CCPHH MX XapaKTCPHCTHYCCKOTO PCHTTCHOBCKOTO m3iyucHuA. CpasHerme coxaepkanma La, Ce m Nd B oOpa3max
ypanoBo# pyasl MerogamMu POA u MHAA ¢ ucnonp3oBaHHeM KpuTepra MaHHA-YHTHH TIOKA3aJI0, YTO PA3IIMYHC B
pe3yiabTaTtax CTATHCTHUHYCCKH HE3HAunmMo. Ha ocHOBaHWMHM aHami3a OFOHKETA HEOINPEACICHHOCTH OLCHEHA MAKCH-
MaJIbHAS BEIMYMHA KOPPEKIMH CKOPOCTH CUETA AHATUTHHYCCKHUX JIMHHUH, COOTBETCTBYIOMIAS IPEICIY KOJIMYCCTBCH-
HOTO H moaykomaecTBeHHOTO ompeaciaeHusd La, Ce m Nd meromom MHAA. CaenaH BRIBOX O MPSIIIOYTHTCIIBHOCTH
Merona POA 1t SKCIIpECCHOTO aHAMM3a JETKUX JAHTAHOMIOB B TOPHBIX MOPOJAX.

KioueBnbie c/ioBa: HCHTPOHHO-AKTHBALMOHHBIN aHAM3, PSHTTECHO (I OPECIICHTHBIN AHAIN3, PEIKO3CMEIbHbBIC
METAaJUIb, YPAHOBAA PyJa

H.10. Cnnaués
«Sgpomsik (puzuka uacTutyTED» PMK, Anmarer, Kasaxkcran

HEUTPOH-AKTUBAIMAJIBIK KOHE PEHTTEH®,IYOPECIEHTTIK 9IICTEPI APKBLIbI
YPAHJBIK IIUKI3SATTAFBI ’)KEPJAE CHPEK KE3JECETIH METAJIIAPAbI TAJIJAY

Annoramust. XXI raceiprarsr Kazakcran PecryOnukachl SJKOHOMHKACHIHBIH, 0achIM OarbITTaPBIHBIH Oipi TYCTI
METAJUIY PTHSHBIH KEPJC CHPEK KE3JCCETIH CANAChIH JaMbITy Oombmn Tabbu1agel. KP kedOip ypaH KeH OpbIHAAPHI
JKEpAC CHPCK Ke3aeceTin MeranmapasH, (ZKCM) skoFapel KypaMbIMCH CHIIATTAIAabl. Munepanaslk mukizarra JKCM-
JbIH OONyBIH AHBIKTAY YIMIH ACKYPBUIBIMIBIK €MEC OMICTEP — acHanThIK HEHTpOH-akTHBamsuiblk (AHAT) sxoHe
peatrendayopecueurti Tangay (POT) omicTepi eH Konaiasl OO caHATAABL. YpaH keHinaeri 0ipkarap XCM-asr
HCHTPOH-AKTHBAUMIBIK aHBIKTAy Tike (La, Ce sxoHe Nd) sxoHE CiCKTpIik HHTSP(CPSHIIMIAP TY3UICTIH ypaH 06y
OHIMCPIMCH aNTapIbIKTal KUBIHIBIK TyAbIpaasl. ['eomormsmbik yarinepaeri JKCM-ap1t POT oaici apkeiis! Tanaay
QACTTC CC3TIMITITI KETKITIKCI3 KOHE HETI31HCH JKCHLT TAHTAHOMATCPMCH IHCKTCIICAL.

Ocpr xympbicta manrait xarkae Illy-Capeicy ypaH KeHi KeHIAEpl YIATLIEpl PETIHAC YPAHHBIH IKOFApbl
MOIIICPIMCH TYBIHOAFAH cieyli wuHTepdepeHumatap skarmaiisiaaa KCM-mp1 anbikray ymin AHAT oxiciHig
MYMKIHZIT KapacTwIpplaFaH. JKEHUT JaHTaHOMATEpAlI PEHTTCH()IyOPECHEHTTI Tanmay ONApAbIH CHIATTAMAIBIK
peHTreHaik coyiexeHyiHiH K-tommacer Oofibmama PJIIT-21T moamukanmsiaHFaH SHEPTHS  JUCTICPCHLUIBIK
CHEKTPOMETPI KOMETIMEH KJIAPKTHIK KypaMmbl ACHTCHIHAEC OpbIHAAMAbL. MaHHA-YWTHH KpPUTEPHHIH NaiaagaHa
oteipbi, POT sxome AHAT omicrepiMen ypaH keHi yirinepiaaeri La, Ce sxkome Nd memmepiH calbICTBIPY
HOTIDKEJIEPCT] alfbIpMAIIBLIBIK CTATHCTHKANBIK TYPFBIIAH OOIAIIBI EKEHIH KepceTTi. benricizaik OromkeTiH Tangay
Herizinne AHAT amici apksist La, Ce sxone Nd caHIpIK skoHE MKapThUIal CAaHABIK AHBIKTAY IICTIHE COMKEC aHATHTH-
KaJbIK CBHI3BIKTAPABI CAHAY >KbUIAAMABIFBIH TY3CTYXIH MAKCHUMAIAbI MOHI Oaramanapl. Tay »KbIHBICTAPBIHAAFHI KEHLIT
JmanTaHomATEpAil xkeaen ranaaysa POT oniciHiH apTHIKIIBUIBIFG KOHIHIE KOPBITHIHIBI KACAIIBL.

Tyiiin ce3xep: HCHTPOH-aKTHBAINLAIBIK TajaIay, PCHITCH(IYOPSCHCHTTI TAmAay, SKCPAC CHPCK KE3ACCETIH
MCTAIAAP, YPaH KCHi.
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